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New trends in building energy efﬁciency include thermal storage in building elements that can be
achieved via the incorporation of Phase Change Materials (PCM). Gypsum plasterboards enhanced with
micro-encapsulated parafﬁn-based PCM have recently become commercially available. This work aims to
shed light on the ﬁre safety aspects of using such innovative building materials, by means of an extensive
experimental and numerical simulation study. The main thermo-physical properties and the ﬁre beha-
viour of PCM-enhanced plasterboards are investigated, using a variety of methods (i.e. thermo-gravi-
metric analysis, differential scanning calorimetry, cone calorimeter, scanning electron microscopy). It is
demonstrated that in the high temperature environment developing during a ﬁre, the PCM parafﬁns
evaporate and escape through the failed encapsulation shells and the gypsum plasterboard's porous
structure, emerging in the ﬁre region, where they ignite increasing the effective ﬁre load. The experi-
mental data are used to develop a numerical model that accurately describes the ﬁre behaviour of PCM-
enhanced gypsum plasterboards. The model is implemented in a Computational Fluid Dynamics (CFD)
code and is validated against cone calorimeter test results. CFD simulations are used to demonstrate that
the use of parafﬁn-based PCM-enhanced construction materials may, in case the micro-encapsulation
shells fail, adversely affect the ﬁre safety characteristics of a building.
& 2015 Elsevier Ltd. All rights reserved.1. Introduction
The materials used in a building envelope can signiﬁcantly af-
fect the characteristics of a developing ﬁre. Investigation of the
thermal behaviour of construction materials in high temperatures
is essential, due to their potential impact on the overall ﬁre safety
of a building.
Incorporation of Phase Change Materials (PCM) into construc-
tion materials has been proposed as a passive means of decreasing
the overall heating and cooling demand of a building [1–3]. The
high latent heat of PCM increases the overall thermal mass of
building elements, resulting in lower diurnal indoor temperature
ﬂuctuations and reduced heat losses to the ambient [4]. PCM can
be incorporated in a variety of construction materials, such as
gypsum plasterboards, concrete or plaster [1,2]. Gypsum plaster-
boards, commonly used in lightweight construction as internal
and external wall systems, have proven to be especially suitable
for this purpose [5,6]. Gypsum plasterboards (GP) incorporating
parafﬁn-based PCM blends have become commercially available in.the last decade. However, large-scale tests using GP enhanced with
parafﬁn-based PCM have indicated that they fail to meet existing
building safety requirements for room lining materials and their
ﬁre safety behaviour is worse compared to “plain” GP [7].
The current study, motivated by the increasing use of such in-
novative materials and the scarcity of literature reports focusing
on their ﬁre behaviour, evaluates the impact of PCM-enhanced GP
wall assemblies on the building's ﬁre safety characteristics. Several
test devices and experimental methods are used to determine the
main thermo-physical properties of PCM-enhanced GP, as well as
their thermal behaviour in a high temperature environment. Fur-
thermore, a dedicated numerical model is developed to effectively
describe the ﬁre behaviour of PCM-enhanced construction mate-
rials; the model is implemented in a Computational Fluid Dy-
namics (CFD) code and, after being validated, is used to estimate
the potential adverse effects in the context of building ﬁre safety.
1.1. Fire behaviour of gypsum plasterboards
Gypsum plasterboards are widely used in the building industry
as an easy to apply and mechanically enduring facing material for
walls, ﬂoors and ceilings. In terms of building ﬁre safety, GP are
capable of decelerating the heat penetration through the wall
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subjected to a high temperature environment, water molecules
bound in its crystal lattice are released and transferred through
the board, absorbing thermal energy and reducing the mean wall
temperature. This highly endothermic process is known to im-
prove the ﬁre resistance of the wall assembly, thus enhancing the
ﬁre safety margins by allowing longer evacuation times [8].
A typical GP consists mainly of a calcium sulphate di-hydrate
(CaSO4 2H2O) mixture, which contains 21% (by weight) chemi-
cally bound water, enclosed by two sheets of surface covering
paper. When calcium sulphate di-hydrate is heated, the chemically
bound water starts to dissociate from the crystal lattice and is
released in the form of water vapour. This process, known as
gypsum dehydration, occurs in the temperature region between
90 °C and 250 °C, depending on the heating rate. The dissociation
of the chemically bound water takes place in two stages. In the
ﬁrst stage (Eq. (1)), the calcium sulphate di-hydrate loses 75% of its
water, thus forming calcium sulphate hemi-hydrate (CaSO4 ½
H2O). Further heating results in the onset of a second reaction (Eq.
(2)), where the calcium sulphate hemi-hydrate loses the remain-
ing water to form calcium sulphate anhydrite (CaSO4). Both reac-
tions are highly endothermic [9].
CaSO4 2H2O(s)-CaSO4  1/2H2O(s) þ 3/2H2O(g) (1)
CaSO4  1/2H2O(s)-CaSO4 (s) þ 1/2H2O(g) (2)
Gypsum dehydration and water vapour diffusion phenomena
have a strong impact on the thermal behaviour of GP exposed to
ﬁre conditions. Accurate modelling of these phenomena requires
the detailed solution of the respective heat and mass transfer
equations across the width of the GP [9]. However, in the context
of CFD analysis of building ﬁre safety, the cost of such detailed
simulations is currently prohibitive; therefore, various alternative
methodologies, using a number of simplifying assumptions, have
been developed [10].
1.2. Fire behaviour of parafﬁn-based phase change materials
Commercially available organic PCM for building applications
comprise mainly parafﬁn blends since they exhibit a range of de-
sirable characteristics, such as high latent heat, ability to control
the phase change temperature, low cost, non-corrosive char-
acteristics and chemical stability. However, parafﬁn-based PCM
exhibit two main weaknesses, i.e. low thermal conductivity and
increased ﬂammability [11,12]; the latter may compromise the ﬁre
safety characteristics of a building. A range of small- and medium-
scale tests have shown that the incorporation of ﬁre retardants in
the PCM may result in observable improvements in the overall ﬁre
safety of these materials [13,14].
PCM micro-encapsulation has proven to be an easy and cost-
effective way for PCM incorporation into construction materials
[15]. Alternative methods, such as direct incorporation, immersion
and macro-encapsulation, have fallen into disuse due to leakage
problems, material incompatibility, tendency for solidiﬁcation at
the edges and poor thermal conductivity [7]. In the case of the
micro-encapsulation technique, the PCM is enclosed in sealed,
spherical, thin polymer capsules, ranging in size from 1 μm to
300 μm, which are able to maintain their shape and prevent
leakage during the phase change process [16].
In commercially available PCM-enhanced construction materi-
als, the solid–liquid phase change occurs in the temperature range
typically found indoors (20–26 °C), aiming to improve thermal
comfort and energy efﬁciency. However, in a ﬁre event, con-
struction materials may be exposed to substantially higher tem-
peratures, that can easily reach 800 °C [17]; under such conditions,
there is high possibility of encapsulation failure, PCM leakage andrelease of PCM vapours to the ﬁre compartment [1,13]. When
exposed to a high temperature environment, parafﬁn-based PCM,
commonly exhibiting boiling points below 350 °C, evaporate. If the
PCM encapsulation polymer shell fails due to the intense heating
conditions, the produced parafﬁn vapours will be released to the
porous structure of the gypsum plasterboard and, through a mass
diffusion process, will emerge in the ﬁre compartment. In this
case, parafﬁn vapours are expected to ignite, increasing the ﬁre
load and thus adversely affecting the building's ﬁre safety char-
acteristics [14].2. Experimental investigation
Experiments are performed using samples of commercial
“plain” gypsum plasterboards (GP) and PCM-enhanced gypsum
plasterboards (GPþPCM) of the same thickness. Commercially
available parafﬁn-based PCM contain a mixture of parafﬁns to
achieve optimum thermal characteristics in the temperature re-
gion related to thermal comfort. The exact composition of the PCM
parafﬁn blend used in the investigated GPþPCM boards was un-
available; therefore, a range of physical properties of the PCM
blend is measured to estimate its high temperature behaviour and
to assist the development of a numerical model.
2.1. Thermo-gravimetric analysis
A series of Thermo-gravimetric analysis (TGA) tests are per-
formed, using a Setaram TGA device operated under inert gas (He)
conditions. The behaviour of both “plain” (GP) and “PCM-en-
hanced” (GPþPCM) gypsum plasterboards is comparatively as-
sessed in the temperature range 20–600 °C, using three different
heating rate levels (5 °C/min, 50 °C/min and 80 °C/min). Alumi-
nium crucibles with a pinhole lid are used to hold the 55 mg
samples; the He purge ﬂow rate used is 50 ml/min. Initially, both
GP and GPþPCM samples exhibit a similar mass loss behaviour
(Fig. 1) that corresponds to the onset of gypsum dehydration re-
actions; in fact, the two distinct peaks that can be identiﬁed in the
instantaneous mass loss rate curves (Fig. 2) correspond to the two
gypsum dehydration reactions (Eqs. (1) and (2)). However, at
temperatures higher than 200–250 °C, the behaviour of the
GPþPCM sample is differentiated, suggesting the occurrence of
two additional thermal events (c.f. Fig. 2). The ﬁrst event, occur-
ring at 227–347 °C depending on the heating rate, is attributed to
the evaporation of the PCM blend. The second event, occurring at
higher temperatures (280–450 °C), is associated with the melting
of the micro-encapsulation polymer shell [18,19]. As expected,
increasing the heating rate results in a “shift” of the temperature
where the various thermal events are observed towards higher
values; this behaviour is well established and is mainly attributed
to the thermal inertia of the sample [20,21]. Total mass measure-
ments (Fig. 1) suggest that approximately 18% of the GPþPCM
sample mass is lost during the gypsum dehydration process, 12% is
lost due to parafﬁn evaporation and 5% due to the polymer shell
decomposition.
2.2. Differential scanning calorimetry
Differential scanning calorimetry (DSC) is used to estimate the
approximate chemical composition of the PCM parafﬁn in a
14.11 mg GPþPCM sample, using a nitrogen (N2) purged DSC-1
Mettler Toledo calorimeter. A constant heating rate of 2 °C/min is
used in this case to investigate the sample's behaviour in the 20–
600 °C temperature range; the N2 purge ﬂow rate used is 200 ml/
min. The DSC test allows an accurate determination of the tem-
perature range where PCM melting and evaporation is observed;
Fig. 1. Time evolution of the total mass of GP and GPþPCM samples, using TGA
heating rate levels of 5 °C/min (top), 50 °C/min (middle) and 80 °C/min (bottom). Fig. 2. Time evolution of the mass loss rate of GP and GPþPCM samples, using TGA
heating rate levels of 5 °C/min (top), 50 °C/min (middle) and 80 °C/min (bottom).
Table 1
DSC measurements of important phase change physical properties.
Physical property GPþPCM (Measured) C16H34
Onset Peak Endset
Melting point (°C) 18.76 23.55 24.23 18
Boiling point (°C) 204.29 231.51 251.74 287
Latent heat of evaporation (kJ/kg) 195.17 209.97
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for the melting and boiling processes, as well as the latent heat of
evaporation, determined using standard techniques [22], are
shown in Table 1. In order to deﬁne a single-species “surrogate” of
the actual parafﬁn PCM blend used in the investigated GPþPCM
sample, the measured values are compared to the respective
physical properties of normal alkanes [23]. Hexadecane (C16H34) is
selected as the alkane exhibiting the best agreement; its relevant
physical properties are also presented in Table 1.
2.3. Cone calorimeter tests
An FTT cone calorimeter (CC) is used to comparatively assess
the ﬁre behaviour of GP and GPþPCM samples. Overall, 3 tests are
performed, following the general guidelines of the ISO 5660
standard [24]. A 50 kW/m2 heat ﬂux level is used for both mate-
rials (GP-50, GPþPCM-50); an additional GPþPCM sample is also
tested at the 75 kW/m2 heat ﬂux level (GPþPCM-75), which is
more representative of a typical fully-developed ﬁre [25]. The
100 mm100 mm, 12.5 mm thick, samples are mounted hor-
izontally in the CC apparatus; their non-exposed (side and bottom)
surfaces are insulated and externally wrapped with aluminium
foil. All samples were preconditioned for a week in a controlled
environment chamber (23 °C, 50% relative humidity). A type K
thermocouple is placed at the bottom surface of each sample to
monitor the temperature evolution at its unexposed side. A ﬂow
rate of 24 l/s is used in the gas extraction system. The estimated
average error is 0.1% for the total mass measurements and 5% for
the heat release rate measurements [26].
Fig. 3 (top) depicts the time evolution of the measured heat
release rate (HRR) for the three test cases considered.Identiﬁcation of the underlying physical phenomena correspond-
ing to each HRR peak observed is made by combining information
obtained in the TGA and DSC measurements, CFD simulations and
relevant literature reports. Immediately after the test initiation, a
sharp peak in HRR is observed in the GP case, which is attributed
to the prompt burning of the surface covering paper [7,27]. After
the initial peak, HRR values in the GP sample decrease to practi-
cally negligible levels. However, the GPþPCM samples exhibit a
sustained heat release activity period due to PCM evaporation and
subsequent PCM vapour combustion. Two major HRR peaks are
observed in both GPþPCM tests; the ﬁrst peak is attributed to the
prompt evaporation and subsequent combustion of the PCM that
lies near the exposed surface. The second HRR peak, observed
1000–1200 s after the test initiation, corresponds to the diffusion-
controlled release and combustion of the PCM vapours, as a result
of the gradual thermal failure of the micro-encapsulation polymer
shells. In addition, total mass measurements (Fig. 3, bottom)
suggest that the GPþPCM samples result in higher total mass loss
and mass loss rates compared to the plain GP sample; evidently,
the additional mass that is lost corresponds to the evaporating
Fig. 3. Time evolution of heat release rate (top) and total mass (bottom) of GP and
GPþPCM samples, obtained in the cone calorimeter tests.
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The main CC results are presented in Table 2. The mass loss
observed in the GP sample is owed solely to the water vapour
release due to gypsum dehydration (Eqs. (1) and (2)), whereas the
measured heat release is attributed to the combustion of the
surface covering paper. The GPþPCM samples exhibit signiﬁcantly
higher total mass loss, total heat release and peak HRR values
compared to the respective GP sample, due to PCM evaporation
and subsequent PCM vapour combustion. As expected, higher peak
HRR values and shorter ignition times are observed when the level
of incident heat ﬂux increases (75 kW/m2); however, the total
mass loss and the total heat released are comparable for both heat
ﬂux levels. When the heat ﬂux is increased, the time to peak HRR
and the time to ignition are shorter, whereas the observed peak
HRR value is increased; this behaviour demonstrates the im-
portance of prompt PCM evaporation phenomena during the early
stages of the test.
Photographs of the exposed surface taken after the CC test
suggest that the plain GP sample shows minimal external damage
(Fig. 4, left); the surface covering paper is partially burnt and noTable 2
Main results of the cone calorimeter tests.
Quantity GP-50 GPþPCM-50 GPþPCM-75
Material (–) GP GPþPCM GPþPCM
Incident heat ﬂux (kW/m2) 50 50 75
Total mass loss (%) 20.09 43.31 45.33
Total heat released (MJ/m2) 21.85 111.40 125.48
Peak HRR (kW/m2) 113.14 181.38 245.37
Time to peak HRR (s) 35 85 50
Time to ignition (s) 27 41 17signiﬁcant cracking is observed. On the contrary, the GPþPCM
sample exhibits external and internal cracking and increased
brittleness (Fig. 4, right), suggesting a signiﬁcant reduction in its
mechanical strength.
2.4. Scanning electron microscopy
The micro-structure of the GPþPCM material is examined in a
Jeol JSM-5600 Scanning Electron Microscope (SEM), equipped
with an X-ray EDS (Energy Dispersive Spectroscopy) micro-probe.
A GPþPCM sample is examined in the SEM before and after the
75 kW/m2 cone calorimeter test. The sample is covered with gold
and is observed at 20 keV for a period of 60 s. SEM images of the
PCM-enriched GP before being exposed to an intense heat ﬂux
reveal the porous structure of the GP (Fig. 5, top left). The spherical
polymer capsules containing the PCM are clearly depicted (Fig. 5,
bottom left); the average capsule diameter in the examined sam-
ple is found to be in the order of 5 μm. Signiﬁcant changes are
observed in the microstructure of the GPþPCM sample after being
exposed to a 75 kW/m2 heat ﬂux (Fig. 5, right). The majority of the
PCM-enclosing spherical capsules are destroyed, thus corroborat-
ing the assumption that the produced PCM vapours are released to
the ambient. The porous structure of the GP is also affected; using
the X-ray EDS method, it is revealed that the remaining crystals of
the calcium sulphate anhydrite are surrounded by a homogeneous
melted mixture of calcium, sulphur and silicon.3. Numerical simulations
The increasing trend of developing and implementing “per-
formance-based” ﬁre safety codes necessitates the use of dedi-
cated ﬁre simulation tools, such as zone models or Computational
Fluid Dynamics (CFD) codes; the latter, can be used in a wide ﬁeld
of applications related to building ﬁre safety. Motivated by the
need to effectively simulate the thermal behaviour of PCM-en-
riched construction materials exposed to ﬁre, a dedicated nu-
merical model is developed, appropriate for implementation in
ﬁre simulation CFD codes. The model development is based on the
information obtained from the experimental campaign described
in Section 2. The model is implemented in a CFD code and is va-
lidated using measurements obtained in the cone calorimeter
tests. In addition, numerical results are used to demonstrate the
potential adverse effects of PCM on the ﬁre safety characteristics of
GP clad buildings.
The Fire Dynamic Simulator (FDS), version 6.1.2, is used to
perform the CFD simulations. The FDS code, developed by NIST
[28], is a CFD tool capable of simulating fundamental ﬁre dynamics
and combustion phenomena. A form of the Navier-Stokes equa-
tions, appropriate for low-speed, thermally driven ﬂows, is nu-
merically solved, using a three-dimensional, Cartesian grid. The
ﬁre behaviour of multi-layered wall assemblies can be simulated
by using detailed thermo-physical properties (e.g. density, thermal
conductivity, speciﬁc heat, surface emissivity) for each material.
The FDS code has been extensively validated in a variety of ﬁre-
related ﬂows [29]. Simulation of solid phase reactions (e.g. pyr-
olysis, dehydration) is performed utilizing the Arrhenius equation
formulation. Eq. (3) corresponds to the general form of the Ar-
rhenius equation, used to determine the reaction rate (rj) of the
j-th chemical reaction that involves the i-th solid species as a re-
actant, as a function of temperature (T) and the mass fraction of
the i-th solid species (Ys,i). The required kinetic parameters are the
pre-exponential factor (Aj), the activation energy (Ej) and the re-
action order (nj). Selection of the proper kinetic parameters for
solid reactions is very challenging; values derived from small- and
large-scale experiments may exhibit differences of several orders
Fig. 4. View of the exposed surface of the GP (left) and GPþPCM (right) samples, after the 50 kW/m2 cone calorimeter test.
Fig. 5. SEM images of GPþPCM samples before (left) and after (right) the 75 kW/m2 cone calorimeter test.
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chemical reaction may simultaneously yield user-deﬁned quan-
tities of solid residue (vres), water vapour (vH O2 ) and combustible
gaseous fuel (vgas), expressed as mass yields.
⎛
⎝⎜
⎞
⎠⎟r A Y
E
RT
exp
(3)
j j s i
n j
,
j= −
3.1. Model development
The model focuses on effectively describing the PCM evapora-
tion process, which leads to combustible PCM vapours emerging in
the ﬁre compartment. Surface cracking phenomena, appearing
when a GPþPCM sample is exposed to a high heat ﬂux (c.f. Fig. 4),
are neglected. Moreover, due to the lack of information regarding
the physical and chemical properties of the polymer micro-en-
capsulation shell, pyrolysis reactions associated with the polymershell disintegration process are neglected. When the temperature
of the GPþPCM wall assembly exceeds the boiling point of the
PCM, the produced PCM vapours are assumed to be immediately
released into the GP porous structure. This assumption corres-
ponds to a “worst case scenario”, i.e. complete failure of all poly-
mer encapsulation shells in high temperatures, which is, however,
supported by the lack of intact spherical shells in the post-ﬁre SEM
images of the GPþPCM samples (c.f. Fig. 5, right).
Aiming to limit the complexity of the developed model and the
associated computational cost [28,29], a single-species PCM is
considered. Results obtained in the low heating rate DSC test are
used to select hexadecane (C16H34) as the closest single-species
surrogate of the actual parafﬁn PCM blend used in the GPþPCM
sample (c.f. Section 2.2). The thermo-physical properties of the
resultant combustible PCM vapours, e.g. lower heating value
(43,950 kJ/kg), are considered to be identical to that of gaseous
hexadecane [23]. The hexadecane evaporation process is im-
plemented in the FDS code using a ﬁrst-order chemical reaction
Table 3
Model parameters.
Model
parameter
Units Eq. (1) Eq. (2) Eq. (4)
Reactant (–) CaSO4 2H2O CaSO4  1/2H2O C16H34
Product (solid) (–) CaSO4  1/2H2O CaSO4 –
Product
(gaseous)
(–) H2O H2O C16H34
vres (kg/kg
reactant)
87.85% 95.20% 0%
vH O2 (kg/kg
reactant)
12.15% 4.80% 0%
vgas (kg/kg
reactant)
0% 0% 100%
A (s1) 1.1641017 2.957107 1.408252104
E (kJ/kmol) 148,600 78,630 40,483
n (–) 1 1 1
Endothermic
heat
(kJ/kg) 329.79 109.93 209.97
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C16H34 (l)-C16H34 (g) (4)
The proposed GPþPCM model is essentially an extension of a
recently developed gypsum dehydration solid reaction kinetics
model [10]. The original GP model [10] uses the Arrhenius equa-
tion formulation to simulate the two gypsum dehydration reac-
tions (Eqs. (1) and (2)); the relevant kinetic parameters, estimated
by DSC test results, are shown in Table 3. Combustion of the sur-
face covering paper is neglected. In addition, temperature-de-
pendent physical properties are used to effectively describe the
thermal behaviour of GP [10]. The original GP model has been
implemented in the FDS code and has been validated against
available temperature measurements obtained in a GP assembly
tested in a small-scale ﬁre resistance furnace [10].
The proposed GPþPCM model comprises the original gypsum
dehydration model plus the additional PCM evaporation “reaction”
(Eq. (4)). Aiming to increase the accuracy of the developed model
and also to facilitate its implementation in CFD codes, where the
Arrhenius reaction assumption is commonly used for solid phase
reactions, a “kinetic” modelling approach is used to describe par-
afﬁn evaporation, which is essentially a “physical” and not “che-
mical” process. The kinetic parameters for PCM evaporation are
determined using the TGA measurements obtained at three dif-
ferent heating rate levels (c.f. Section 2.1) by employing the model-
free integral iso-conversional Kissinger–Akahira–Sunose (KAS)
methodology [30]. A ﬁrst order reaction is assumed based on the
KAS analysis; values of the estimated kinetic parameters are given
in Table 3.
The developed GPþPCMmodel uses Eqs. (1) and (2) to quantify
water vapour release due to gypsum dehydration reactions and Eq.
(4) to quantify the release of combustible hexadecane vapours due
to PCM evaporation. When the predicted temperature of the
GPþPCM wall assembly exceeds the boiling point of PCM, hex-
adecane vapours are assumed to be released, through the GP
porous structure, to the adjacent ﬁre compartment. The produced
vapours can be subsequently ignited and burnt, increasing the
effective ﬁre load of the compartment. Dispersion of the released
water vapour and combustible PCM vapours in the ﬁre compart-
ment is simulated by solving the corresponding species con-
servation equations in the CFD code; gaseous combustion of the
produced PCM vapours is modelled using a mixture fraction
model.
The model is appropriate for simulation of both GP and
GPþPCM wall assemblies. When a “plain” GP is considered, only
Eqs. (1) and (2) are activated; the initial material composition isassumed to be 100% CaSO4 2H2O. On the other hand, when a
GPþPCM wall assembly is simulated, Eqs (1), (2) and (4) are taken
into account; in this case, the initial composition is assumed to be
88% CaSO4 2H2O and 12% hexadecane (PCM) (c.f. Section 2.1).
3.2. Validation study
The developed GPþPCM model is validated by performing both
1D and 3D CFD simulations of the cone calorimeter tests presented
in Section 2.3. The 1D simulations are essentially condensed-phase
simulations, where only the solid-phase heat transfer solver of the
FDS code is used. The computational domain, measuring 100 mm
 100 mm  12.5 mm, corresponds to the actual dimensions of
the CC test sample; four separate test cases, pertaining to different
sample material (GP, GPþPCM) and heat ﬂux levels (50 kW/m2,
75 kW/m2) are considered. Adiabatic boundary conditions are
used on all sides of the sample, expect from its top surface, where
a constant net radiative heat ﬂux value is prescribed. The initial
mass fraction of PCM is assumed to be 12%.
Aiming to demonstrate the applicability of the developed
GPþPCM model in the context of CFD ﬁre simulations, a series of
additional 3D CFD simulations is also performed. In the majority of
CFD simulations of CC tests for both charring [31,32] and non-
charring materials [33–35], participation of the gas phase in ra-
diative heat transfer is neglected [31–33]. In order to eliminate
errors associated with the use of this simplifying assumption, a
detailed simulation approach is followed by taking into account
gas phase radiation phenomena between the cone heater and the
material surface. The simulation domain closely reproduces the
actual geometric conﬁguration of the CC test [24]. The outer di-
mensions of the simulation domain, encompassing both the cone
and the sample, are 200 mm  200 mm  225 mm. The com-
putational grid consists of 576,000 cubic (2.5 mm side) cells.
The interior side of the cone heater is maintained at a uniform
constant temperature, carefully calibrated to yield the required
(i.e. 50 kW/m2 or 75 kW/m2) value of incident heat ﬂux at the
centre of the sample. The unexposed sides of the sample are
considered to be adiabatic, approximating the thermal insulation
used in the CC tests. The external boundaries of the simulation
domain are open to the ambient, except from the top boundary
that is assigned a constant 24 l/s gas outﬂow, corresponding to the
actual ﬂow rate measured in the gas extraction system during the
CC test. The emissivity of the GPþPCM exposed surface is assumed
to be 0.9 [8]. The absorption coefﬁcients of the gas mixture are
computed using the RADCAL narrow-band model [28]. A total
computational time of 900 s is used; the minimum numerical
time-step, which is dynamically adjusted by the FDS code, is
1.68 ms.
In Fig. 6, 1D and 3D simulation results for the time evolution of
the unexposed bottom surface temperature are compared to
measurements obtained in the two CC tests (50 kW/m2 and
75 kW/m2). Good qualitative and quantitative agreement is
achieved in both cases; predictions of the 3D simulations exhibit
better agreement with the experimental data compared to the
corresponding 1D simulations, especially at the later stages of the
test. A similar behaviour is observed in Fig. 7, where predictions of
the instantaneous total mass are compared to the measured va-
lues; once more, 3D simulations achieve signiﬁcantly better levels
of agreement. In general, the discrepancies between predictions
and experimental data are attributed to the employed modelling
assumptions, especially in terms of the initial composition of the
GPþPCM sample and the use of a single species PCM “surrogate”.
In the total mass predictions the observed discrepancies are larger,
especially in the 1D simulations, since a range of mass-related
phenomena, such as surface covering paper combustion and
polymer capsule thermal degradation and disintegration, are not
Fig. 6. Measurements and CFD predictions of the bottom surface temperature of a
GPþPCM sample undergoing a cone calorimeter test, at an incident heat ﬂux level
of 50 kW/m2 (top) and 75 kW/m2 (bottom).
Fig. 7. Measurements and CFD predictions of the instantaneous total mass of a
GPþPCM sample undergoing a cone calorimeter test, at an incident heat ﬂux level
of 50 kW/m2 (top) and 75 kW/m2 (bottom).
Fig. 8. CFD predictions of the gas temperature 30 mm above the tested sample, for
the GP and GPþPCM test cases.
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ability of the developed model to effectively simulate the main
physico-chemical phenomena, i.e. gypsum dehydration and PCM
evaporation, associated with the thermal behaviour of GPþPCM
wall assemblies exposed to ﬁre.
3.3. CFD simulation results
The potential adverse effect of PCM-enhanced construction
materials in a typical compartment ﬁre scenario is clearly illu-
strated in Fig. 8, where gas temperature predictions 30 mm above
the CC testing samples, when exposed to a 50 kW/m2 heat ﬂux, are
depicted for both the examined test cases (GP, GPþPCM). It is
evident that the predicted gas temperatures are signiﬁcantly
higher in the GPþPCM case, due to the increased ﬁre load owed to
the combustion of the released PCM vapours (c.f. Fig. 3). The de-
veloped model allows quantiﬁcation of the temperature increase
related to the use of PCM-enhanced construction materials, thus
enhancing the accuracy of relevant CFD ﬁre engineering design
analyses.
A prominent feature of the developed model, when im-
plemented in a CFD code, is its ability to provide quantitative in-
formation pertaining to the PCM parafﬁn vapour production, dis-
persion and combustion processes, which would be otherwise
impossible to obtain. In order to illustrate this capability, an ad-
ditional CFD simulation of the GPþPCM cone calorimeter test is
performed; in this case, the produced PCM vapours are assumed to
be essentially a non-combustible “inert” gas, thus allowing mon-
itoring its temporal and spatial distribution. CFD predictions of the
C16H34 vapour 1% mass fraction iso-surface, at various time steps,are shown in Fig. 9; the vapours produced in the sample are re-
leased through its top side and are then mixed with the ambient
air, resulting in the formation of a potentially combustible mixture.
Signiﬁcant quantities of C16H34 vapour are produced, even at the
later stages of the test; however, it is reminded that these CFD
simulations correspond to a “worst case scenario”, where all mi-
cro-encapsulation shells are considered to fail and, therefore, the
Fig. 9. CFD predictions of C16H34 vapour 1% mass fraction iso-surface, 60 s (left), 180 s (middle) and 660 s (right) after initiation of the cone calorimeter test (GPþPCM).
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evaporates.4. Concluding remarks
This work has investigated the ﬁre safety aspects of PCM-en-
hanced gypsum plasterboards and their potential adverse effect on
the ﬁre behaviour of a building, should the encapsulation shells
fail. The differences in the ﬁre performance of plain gypsum
plasterboards and gypsum plasterboards enhanced with PCM have
been experimentally and numerically assessed.
Experiments have provided insight in the physical and chemi-
cal processes occurring under ﬁre conditions and quantitative in-
formation on the physical properties of the PCM, required for
model development. TGA tests have revealed a distinct differ-
entiation in the ﬁre behaviour of the two materials. Signiﬁcantly
higher total mass loss and additional mass loss rate events have
been observed in the GPþPCM sample. DSC measurements al-
lowed estimation of important physical properties, i.e. melting
point, boiling point, latent heat of evaporation; the latter have
been used to determine that hexadecane can serve as a single-
species modelling surrogate of the unknown PCM-blend used in
the investigated commercial GPþPCM sample. The CC tests have
demonstrated the deterioration of the GPþPCM material's ﬁre
behaviour characteristics compared to a “plain” GP, by quantifying
the additional HRR associated with parafﬁn vapour release and
combustion. Finally, SEM photographs have revealed the complete
failure of the encapsulation shells under ﬁre conditions.
A dedicated numerical model has been developed accounting
for the gypsum dehydration, PCM evaporation and combustion
processes. The model has been implemented in a CFD code and
has been validated against CC measurements; despite simplifying
assumptions, it was found capable of accurately capturing the
measured temperatures and mass loss rates. Both 1D and 3D si-
mulations have been performed; the latter were found to exhibit
better agreement with measurements compared to the former. 3D
numerical results have been used to demonstrate the merits of the
developed model in the context of CFD simulations; the temporal
and spatial distribution of the evaporated PCM parafﬁns can be
monitored, allowing quantiﬁcation of the additional ﬁre load im-
posed on the ﬁre compartment. Further modelling work is plan-
ned, aiming to investigate the effect of important physical phe-
nomena, such as mass transfer through the gypsum porous
structure and failure modes of the polymer encapsulation shells.Although the present study focuses on parafﬁn-based PCM in-
corporated in gypsum plasterboards, it is anticipated that parafﬁns
will exhibit similar qualitative characteristics when incorporated
in other construction materials (e.g. concrete). Therefore, results
presented in this work are not only pertinent to the investigated
material but have a wider scope, by proposing an analysis meth-
odology which is relevant to any application of parafﬁn-based PCM
in construction materials. The adverse impact of parafﬁn-based
PCM may be reduced, or even eliminated, using a variety of
methods, such as incorporation of ﬂame retardants in the PCM
blend or the GP core, shifting from organic to inorganic PCM, use
of ﬁre-resistant encapsulating coatings etc. These methodologies
are beyond the scope of the present work, which nevertheless
provides quantitative data for worst case scenarios that may assist
product developers or act as guidelines for new products.Acknowledgements
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